Many female small mammals face limited food availability during lactation. These dams may have to choose between altering the amount of maternal behavior they provide to their young, reducing the size of their litter, or not adjusting their behavior or litter size. How females allocate energy to maternal investment may depend on the energy costs of different lactation stages. We hypothesized that the amount of time female voles provided maternal behavior would differ if they were deprived of food during early, middle, or late lactation. We tested this hypothesis by placing lactating female meadow voles (Microtus pennsylvanicus) into 1 of 4 groups: dams that underwent a 30% caloric restriction during days 1-7 of lactation, those that were food restricted on days 8-14, those that were food restricted on days 15-21, and dams that did not undergo food restriction during lactation. Dams that were not food restricted spent more time engaged in maternal behavior than dams that were food restricted during lactation. Dams that were food restricted during days 8-14 of lactation displayed the most pronounced decline in maternal behavior relative to dams that were restricted during days 1-7 or days 15-21 of lactation. This effect was most dramatic in the amount of time that dams spent licking their pups. Reduced licking of pups may affect the mother-pup bond, inducing pups to possibly develop deficits in their social and sexual behavior as adults. The results also suggest that when they are faced with a food shortage, particularly during the 1st week of lactation, lactating female meadow voles do not reduce the size of their litter but do show a decrease in maternal behavior toward pups.
During lactation, female mammals are faced with high energy demands associated with rearing their litter (Migula 1969; Mattingly and McClure 1982; Gittleman and Thompson 1988) . Many female small mammals may be limited to the amount of food in their territory (Batzli 1985) . This may cause females that are lactating to adopt 1 of 3 possible strategies to deal with a food shortage (Perrigo 1987 (Perrigo , 1990 Konig 1989; Rauw et al. 2003; Therrien et al. 2007 ). First, dams could reduce the size of their current litter but maintain high levels of maternal care. By doing so, dams would not be sacrificing their future parental investment (Trivers 1972) . Second, dams may maintain the size of their current litter but show a reduction in the maternal care they provide. Third, dams may maintain litter size and maintain high levels of maternal care. In this way, dams would be sacrificing their body condition and future parental investment (Trivers 1972) . A review of the literature suggests that no consensus exists on which strategy a lactating female rodent adopts when facing a food shortage. Some studies reported that female rats (Rattus norvegicus) that are food restricted spent less time (Smart and Preece 1973; Smart 1976) , spent more time (Massaro et al. 1974; Wiener et al. 1977) , or spent similar amounts of time (Crnic 1976 ) involved in maternal behavior relative to control dams. Konig (1989) reported that lactating house mice (Mus musculus) spent similar amounts of time nursing and licking their pups independent of whether they were food restricted or not. However, food-restricted lactating mice spent less time involved in maternal behavior relative to control dams; the former dams also reduced the size of their litters (Marsteller and Lynch 1987) . Perrigo (1987 Perrigo ( , 1990 ) discovered that lactating house mice facing increased energy demands reduced the size of their litters by cannibalizing pups during the first 12 days, resulting in a greater mass at weaning for their surviving w w w . m a m m a l o g y . o r g 1068 pups. Conversely, white-footed mice (Peromyscus leucopus) did not reduce the size of their litters.
A common feature of many of these studies in rats and mice was that dams were food restricted during all of lactation; this represents an extreme condition and females facing such low availability may not mate and would not get pregnant (Sabau and Ferkin 2012) . However, many rodents could face acute food restriction at different times during lactation (Bronson 1989) . Thus, females kept on a restricted diet during early lactation may not display the same changes in maternal behavior as females restricted during middle or late lactation. For example, during early lactation dams spent much of their time in the nest nursing and licking their pups (Rosenblatt and Lehrman 1963; Champagne et al. 2003; Kristal 2009 ). The amount of time dams lick their pups affects their pups' ability as adults to form affiliations with same-sex conspecifics and potential mates, their exploratory behavior, and how much time they spend licking their own offspring (Moore 1984 (Moore , 1992 Francis et al. 1999; Champagne et al. 2003) . Food-restricted dams may have to increase the amount of time they have to forage and have less time to spend involved licking their young and displaying other maternal behaviors. During middle lactation, pups open their eyes, begin eating solid food, and increase their locomotor activity (Rosenblatt and Lehrman 1963; Smotherman and Bell 1980; McGuire and Novak 1984; Solomon 1993) . Because food-restricted females may spend less time involved in maternal behavior, their pups may grow more slowly, have lower body mass, and may be less likely to move around and be active as adults relative to pups raised by dams that were not food restricted during middle lactation. During late lactation pups spend much of the time exploring the area within and outside their mother's territory, usually near their mother (Rosenblatt and Lehrman 1963; Solomon 2006, 2007; Kristal 2009 ). Food-restricted female voles may spend less time near their pups, which may result in weanlings that are less inclined to interact with conspecifics or investigate novel areas. Thus, the maternal behavior of dams and the growth and behavior of their pups may be affected by when food restriction is initiated during lactation.
Female meadow voles (Microtus pennsylvanicus) may be susceptible to food restriction, especially during lactation. Female meadow voles are income breeders; they do not cache food (Batzli 1985) . During the breeding season, female voles live in mutually exclusive territories that vary in the quality and amount of forage (Madison 1980; Jodoin 1987, 1989) . Thus, the amount of food that is currently available to a lactating female may affect the amount of time that she can dedicate to maternal behavior. Moreover, female voles can produce multiple litters in their short life span (Tamarin et al. 1984; Keller 1985) . Food-restricted dams may reduce their maternal investment in their current litter through an adjustment in litter size or a reduction in maternal behavior, or both, to maintain sufficient energy reserves for future litters (Trivers 1972) .
In this study, we determined if the maternal behavior of lactating, food-restricted female meadow voles differs from that of lactating female voles that had continuous access to food. We hypothesized that the amount of time female voles provided maternal behavior would differ if they were deprived of food during early, middle, or late lactation. We did so because the energy demands differ, the growth and development of pups change, and the frequency of the behaviors displayed by females toward their pups changes during early, middle, and late lactation (McGuire and Novak 1984; Solomon 2006, 2007) . We considered lactation days 1-7, 8-14, and 15-21 as early, middle, and late lactation, respectively.
MATERIALS AND METHODS
Animals.-We used meadow voles that were 3rd-or 4th-generation descendants of free-living voles captured in Pennsylvania, Kentucky, New York, and Ohio. The voles were born and raised under a long photoperiod (14L:10D, lights on at 0700 h Central Standard Time). Voles were weaned at 21 days of age, housed with littermates until 34 days of age, and thereafter housed singly in clear plastic cages (27 3 16.5 3 12.5 cm [length 3 width 3 height]), until they were 5-9 months old and paired with a male for 3 days. Cages contained bedding, water, and food (Harlan Teklad Rodent Diet 8640; Harlan Teklad, Madison, Wisconsin). All the female voles used in this study were sexually experienced, having delivered and weaned a litter. Males used in this experiment were 5-9 months old and sexually experienced, having sired 1 litter. At the start of the experiment, all male and female voles had been housed singly for 4 weeks. Female meadow voles do not undergo regular estrus cycles (Keller 1985) ; they are induced ovulators that will readily mate with males when housed together under a long photoperiod (Milligan 1982; Meek and Lee 1993) . We followed Animal Care Protocol 0647, which was approved by the Institutional Animal Care and Use Committee at The University of Memphis, and guidelines of the American Society of Mammalogists for research involving live mammals (Sikes et al. 2011) .
Procedure.-We paired sexually experienced males (n ¼ 53) and females (n ¼ 53) and allowed them to mate in a breeding cage (30 3 24 3 14.5 cm [length 3 width 3 height]). The male and female pairs had continuous access to food and water. After 3 days, the males were removed from the breeding cage and returned to their home cages. We began checking for litters 3 times daily (0800, 1500, and 2100 h) 20 days after the females were paired with a male. Forty-four of the 53 females that delivered pups between 21 and 24 days later were randomly assigned to 1 of the following groups: dams that had continuous access to food, the control group; dams that were 30% food restricted on days 1-7 of lactation (FR 1-7); dams that were 30% food restricted days on 8-14 of lactation ; and dams that were 30% food restricted on days 15-21 of lactation (FR 15-21). There were 11 different females in each treatment group. It is important to note that by day 13, pups and dams were both eating solid food. Thus, pups in group FR 15-21 and to a much lesser extent in group FR 8-14 also faced a 30% food restriction during lactation.
We selected a 30% food restriction because previous studies found that 15% food restriction was too mild and 60-80% food restriction too severe (Crnic 1980; Marsteller and Lynch 1987; Schneider and Wade 1989) . To validate our food-restriction protocol, we conducted a pilot study using a 30% food restriction and found that all of our dams (n ¼ 5) survived, did not cannibalize their young, and weaned their litters.
Calculating food restriction.-The dams were provided with 30 g of food daily at 1700 h starting on the 1st day of lactation. Twenty-four hours later, we removed the dam and collected and weighed (Ohaus GT4000 Automatic Balance; Ohaus, Florham Park, New Jersey) any food that remained in the cagelid hoppers and on the floor of the cage to determine food intake. We calculated the food intake of control females every day of lactation. We then gave the females in the foodrestricted group 30% reduction of the food intake of control females from the previous day of lactation.
Determining body mass.-We recorded the body mass of females between days 7-10 and days 17-20 of gestation, and on days 1, 3, 8, 12, 15, 18 , and 21 of lactation. All masses were recorded at 1700 h, the time that we provided the dams with food for the next day. We also recorded the mass of each pup within a litter at birth, the number of pups born into each litter, changes in litter size, and changes in each pup's mass every 3-5 days, from parturition until the pups were separated from their littermates on day 34. After weaning, pups from all groups were fed ad libitum. We marked each pup with a distinctive number using black hair dye.
Maternal behaviors.-We recorded the maternal behaviors of each lactating female from day 1 of lactation until the pups were weaned on day 21. All dams and their pups were observed daily, at 0800 h and at 2200 h, to encompass the onset of the light and the dark phases of the light cycle, respectively. During the dark phase of the light cycle all observations of maternal behavior were conducted under a red light. Each observation session was approximately 40 min long.
During each observation period, we recorded the total amount of time that a dam was nursing at least 1 pup; licking the body or anogenital area, or both, of a pup during nursing or outside of the nursing bout; constructing the nest or manipulating existing nesting material; and within 2 cm or less of 1 or more of her pups. Similar behaviors have been measured in studies of maternal behavior in voles and other rodents (McGuire and Novak 1984; Ferkin 1987; Solomon 2006, 2007) . The maternal behavior of each dam was scored for 2 min, at 8-min intervals, 4 times in a 40-min time interval. Each dam was observed twice a day, for a total of 42 observations across the 21 days of lactation. We calculated the mean (6 SE) time that the dams spent displaying these maternal behaviors during each lactation period. The observer was positioned 65 cm away from the transparent cage containing the dam and her pups. We used stopwatches and counting boxes to score maternal behaviors (Ferkin 1987 ).
Statistical analyses.-We used separate 2-way repeatedmeasures analyses of variance (ANOVAs) to determine whether significant differences existed in the body mass of the dams and body mass of the offspring in the different treatment groups across lactation. If statistically significant differences were revealed, we conducted 1-way repeatedmeasures ANOVAs followed by Holm-Sidák post hoc pairwise comparisons to determine the significant treatment effects. We used the average mass of each litter to determine if the mean body mass of pups differed between treatment groups. In addition, we used separate 2-way ANOVAs (dams in the treatment and control group 3 lactation phase) to determine whether significant differences and interactions existed in the time spent in each of the maternal behaviors by dams in the different treatment groups across lactation. If statistically significant differences were revealed, we conducted 1-way ANOVAs followed by Holm-Sidák post hoc pairwise comparisons to determine the significant treatment effects. Significant differences were accepted at P , 0.05 for all statistical tests.
RESULTS
Dam's body mass.-Control females and FR 1-7, FR 8-14, and FR 15-21 females lost mass throughout lactation (F 6,240 ¼ 18.20, P , 0.001). There also was a significant interaction between restriction group and time (F 18,240 ¼ 6.18, P , 0.001). FR 1-7 and FR 8-14 dams had a more severe decrease in body mass compared to FR 15-21 dams and control dams (HolmSidák, both comparisons, P , 0.05; Fig. 1) .
At the beginning of lactation dams had similar body masses; there was no significant difference between treatment groups on day 1 (P . 0.05). FR 1-7 dams weighed less than all the other groups on day 8 of lactation (P , 0.05). FR 1-7 dams lost 17.6% of their body mass by day 8 of lactation, whereas control dams maintained their body mass. FR 8-14 dams weighed less than control dams during middle lactation on day 12 (P , 0.05; Fig. 1 ). FR 8-14 dams lost 15.78% of body mass by day 12 of lactation, whereas control dams maintained their body mass. By day 15 control females lost 3.1% of their body mass. There was no significant difference (P . 0.05) in body mass of FR 15-21 dams and that of control dams at any time during lactation. During late lactation, control dams lost 8.9% of their body mass, whereas FR 15-21 dams lost 11% of their body mass. On day 21 no significant differences existed in the body mass of females across treatment groups (P . 0.05; Fig.  1) .
Survival of pups.-We found no difference among the dams in the number of offspring that survived to weaning on day 21. The mean litter size at weaning for the dams was similar (4.2 pups per litter 6 0.49 SEM) and did not differ between groups (F 3,43 ¼ 0.89, P ¼ 0.45).
Nursing the pups.-The amount of time that dams spent nursing throughout the lactation period differed with respect to whether the dams were in early, middle, or late lactation (F 2,72 ¼ 182.43, P , 0.001), and with treatment (F 3,72 ¼ 8.16, P , 0.001). There was a significant interaction between time interval and treatment (F 6,72 ¼ 2.83, P ¼ 0.016). To understand this interaction, we conducted separate 1-way ANOVAs for each time interval. There was a significant difference between groups in the time spent nursing during the first 7 days of lactation (F 3,24 ¼ 4.03, P ¼ 0.019; Fig. 2 ). The amount of time that females nursed their pups was lower for FR 1-7 and FR 8-14 dams than it was for the FR 15-21 and control dams (P , 0.05; Fig. 2A ). During middle lactation there was a significant difference among groups in the amount of time dams spent nursing their young (F 3,24 ¼ 8.82, P , 0.001). FR 8-14 dams spent less time nursing their young compared to dams in the other groups (P , 0.05, each comparison; Fig. 2B ). During late lactation, there was no difference among the groups in the amount of time dams spent nursing their young (F 3,24 ¼ 1.51, P ¼ 0.23; Fig. 2C) .
Licking the pups.-The amount of time that dams spent licking their pups differed across time intervals (F 2,72 ¼ 96.81, P , 0.001) and was affected by whether females were food restricted and when the food restriction occurred (F 3,72 ¼ 21.21, P , 0.001). A significant interaction existed between the period of lactation and the treatment for females (F 6,72 ¼ 9.25, P , 0.001). As such, we once again used 1-way ANOVAs to understand this interaction. Dams differed in the amount of time they spent licking their pups during the first 7 days of lactation (F 3,24 ¼ 25.53, P , 0.001). FR 1-7 dams spent significantly less time licking the pups compared to dams in the other groups (Holm-Sidák, each comparison P , 0.05; Fig. 3A) . The time dams spent licking their pups differed across middle lactation (F 3,24 ¼ 7.68, P , 0.001). FR 8-14 dams spent significantly less time licking their pups compared to control females (P , 0.05; Fig. 3B ). During middle lactation, FR 1-7 dams continued to spend less time licking their pups than did control females (P , 0.05; Fig. 3B ). During late lactation, there was no difference among the groups in the Time spent with young.-The amount of time that dams spent with their young outside of the nest differed between treatment (F 3,72 ¼ 6.94, P , 0.001) and by period of food restriction (F 2,72 ¼ 93.15, P , 0.001). There was a significant interaction between lactation interval and treatment (F 6,72 ¼ 5.23, P , 0.001). Dams in the food-restricted groups and those in the control group spent similar amounts of time with their young outside the nest during early (F 3,24 ¼ 0.104, P ¼ 0.95) and middle (F 3,24 ¼ 0.91, P ¼ 0.45) lactation. However, differences existed in the amount of time that dams spent with their litters during late lactation (F 3,24 ¼ 7.07, P , 0.001). At this time, FR 15-21 and FR 8-14 dams spent less time with their young than did control dams (Holm-Sidák, P , 0.05, each comparison). Also, FR 8-14 dams spent less time in contact with pups compared with FR 1-7 dams (P , 0.05; Fig.  4) .
Nest maintenance.-The amount of time that dams spent involved in nest maintenance varied across early, middle, and late lactation (F 2,72 ¼ 7.98, P , 0.0001). There was no difference between treatment groups (F 3,72 ¼ 0.53, P ¼ 0.65). There also was no significant interaction between the variables (F 6,72 ¼ 1.05, P ¼ 0.40), indicating that the decrease in time spent for nest maintenance was independent of whether or not the dam was food restricted during lactation. During early lactation, all dams spent similar amounts of time involved in nest maintenance (P , 0.05); by middle lactation, these dams ceased nest maintenance.
Pup growth.-Maternal food restriction affected the body mass of pups (F 6,240 ¼ 893.6, P , 0.001) and food restriction interval affected the pup's mass (F 3,40 ¼ 11.10, P , 0.001). A significant interaction existed between treatment and interval (F 18,240 ¼ 10.20, P , 0.001). After day 7, control pups weighed significantly more than pups raised by FR 1-7 dams and those raised by FR 8-14 dams (Holm-Sidák, P , 0.05; Fig. 5 ). With the exception of day 21, no significant difference was found in the body mass of pups reared by FR 15-21 dams compared with controls (Fig. 5 ).
DISCUSSION
Our data support the hypothesis that the amount of time female voles provided maternal behavior would differ if they were deprived of food during early, middle, or late lactation. We found that dams that were food restricted during early or middle lactation spent less time nursing their pups than did control dams. Pups whose mothers were restricted during early and middle lactation show impaired growth or mass at the time of weaning and did not show compensatory growth later. Pups whose mothers were on food restriction during late lactation were eating solid food by day 14. Thus, these pups also may have been food restricted, thereby contributing to their low body mass on day 21, at weaning. Several studies have shown that weaning mass is positively correlated with overwinter survival and time to puberty (Beacham 1980; Dark et al. 1983; Desy and Thompson 1983) . Lower-mass weanlings have fewer mating opportunities and lower reproductive success as adults relative to heavier-mass weanlings (Wauters and Dhondt 1989; Koskela 1998; Oksanen et al. 1999 Oksanen et al. , 2002 Parker and Pizzari 2010) . Our results support the speculation that changes in maternal behavior during the first 14 days of life could have long-term fitness consequences for voles after they are weaned.
We also discovered that FR 1-7 and FR 8-14 dams spent less time licking their pup compared to control dams. Similarly, lactating rats that were food restricted to 50% of the intake of food of control females during the first 10 days of lactation spent less time licking their young than did control dams (Smart and Preece 1973; Smart 1976) . Reductions in maternal licking may affect a dam's fluid balance (Friedman et al. 1981; Gubernick and Alberts 1983) , causing a reduction in her body mass as well as the growth, development, and behavior of her pups (Moore 1984 (Moore , 1992 Schanberg and Field 1987; Levy et al. 2004) . For example, rat pups that were licked less often displayed deficits in cognition, learning, and memory, as well as in forming social affiliations and mating once they became adults (e.g., Moore 1984 Moore , 1992 Schanberg et al. 1984; Caldji et al. 1998) . More importantly, the amount of time that dams lick their pups affects the amount of time their daughters will lick their own offspring (Francis et al. 1999; Champagne et al. 2003 ). This in turn may influence their pups' attractiveness and response to opposite-sex conspecifics as adults. Changes in these aspects of the phenotype of voles may be sufficient to affect their mating and reproductive success (Boonstra et al. 1993; Berteaux et al. 1999) , which could influence population demography (Tamarin et al. 1984) .
Food-restricted female and control female meadow voles had weaned litters that were similar in size. However, pups reared by food-restricted females had lower mass at weaning compared to that of pups reared by control females. Likewise, mice dams that were food restricted to 60% and 80% of the intake of control dams weaned pups that had lower body mass at weaning than control pups (Marsteller and Lynch 1987; Konig 1989) . Our findings suggest that the lower mass at weaning of meadow vole pups may have been the result of receiving less maternal care from food-restricted females on 
FIG.
5.-Mean 6 SEM body mass (g), from birth to day 34 of pups whose mothers were fed ad libitum, and those whose mothers were food restricted on days 1-7, days 8-14, or days 15-21 during lactation. An asterisk (*) indicates significant differences at P , 0.05. days 1-7 or days 8-15 of lactation. However, we cannot rule out the possibility that maternal malnourishment may have affected the pups' ability to elicit maternal stimulation. Massaro et al. (1974) reported that rat pups reared by dams malnourished during lactation showed deficits in behaviors such as movement from the nesting area, feeding and drinking, and rearing and climbing. It also is possible that these deficits in the pups' behavior were due to the fact that milk production or composition of a dam's milk is altered by nutritional state of the mother (e.g., Mueller and Cox 1946; Crnic and Chase 1978; Kliewer and Rasmussen 1987; McGuire et al. 1995; Rogowitz 1996) .
We found that dams that were food restricted between days 1 and 7 and days 8 and 14 of lactation lost significantly more mass than did control dams. Because dams are under high energy demands during lactation (Migula 1969; Gittleman and Thomson 1988; Rauw et al. 2003) , a severe decrease in body mass may indicate that dams may have reached a physiological limit and are unable to maintain their energy balance. However, dams in our study did not abandon their litters or cannibalize their pups to reduce energy costs as did female house mice (Perrigo 1987 (Perrigo , 1990 . Instead, food-restricted female voles spent less time relative to control females displaying maternal behavior toward their pups. Thus, our findings are consistent with the speculation that food-restricted, lactating female meadow voles display a trade-off between investing in current offspring and surviving to produce future litters (i.e., Trivers 1972; Therrien et al. 2007 Therrien et al. , 2008 .
At present, there seems to be no general pattern to explain the effects of food restriction on the maternal behavior of female rodents. This may be due to studies using different methods, diets, and degrees of food restriction (Crnic 1976; Smart 1976; Wiener et al. 1977; Konig 1989) . Lack of a pattern also could be due to researchers using different species or strains of rodents that have different reproductive physiology, social and mating systems, timing of breeding, and litter sizes. For example, rats and mice are omnivores; are opportunistic breeders; have repeated and frequent interactions with conspecifics; and have females that undergo estrous cycles, are spontaneous ovulators, and have relatively large litter sizes (Eisenberg 1967; Bronson 1989; Dewsbury 1990 ). In contrast, meadow voles are herbivores; are seasonal breeders; have few repeated and frequent interactions with conspecifics; and have females that do not undergo estrous cycles, are induced ovulators, and have smaller litter sizes (Eisenberg 1967; Milligan 1982; Keller 1985; Dewsbury 1990 ). In many rodents, litter size is negatively correlated with maternal behavior (McGuire and Bemis 2007) . However, maternal behavior was independent of litter size in Guenther's vole (Microtus socialis guentheri), a species in which individuals have repeated and frequent interactions with conspecifics and are herbivores (Libhaber and Eilam 2004) . A more promising approach to determining a pattern of maternal behavior may be to compare capital-breeding and income-breeding females. Capital-breeding females use previous food stores to augment periods of low food availability, whereas incomebreeding females consume food that is currently available (Houston et al. 2007 ). Female meadow voles may be considered income breeders and deer mice (Peromyscus maniculatus) may be considered capital breeders (Vander Wall et al. 2001) ; however, food-restricted females in both species attempted to rear their litters to weaning without culling them (Perrigo 1987 (Perrigo , 1990 ; this study). Nevertheless, more research may need to focus on comparisons between capital and income breeders in a variety of species.
